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CONVERSION FACTORS, VERTICAL DATUM, AND
ABBREVIATED WATER-QUALITY UNITS

Multiply By To obtain
Length
inch (in.) 25.4 millimeter
foot (ft) 0.3048 meter
mile (mi) 1.609 kilometer
Area
acre 4,047 square meter
acre 0.4047 hectare
square mile (nf) 259.0 hectare
square mile (nf) 2.590 square kilometer
Volume
gallon (gal) 3.785 liter
gallon (gal) .003785 cubic meter
Velocity
foot per day (ft/d) 0.3048 meter per day
Hydraulic conductivity
foot per day (ft/d) 0.3048 meter per day
Transmissivity
foot squared per day ¢ftl) 0.09290 meter squared per day

Water temperature is reported in degree Celsius (°C), which can be converted to degree Fahrenheit (°F) by the following

equation:

°F=1.8(°C) + 32

Hydraulic conductivity and transmissivity . In this report, hydraulic conductivity is reported in feet per day (ft/d), a mathematical reduction of
the unit cubic foot per day per square foot [(ft3/d)/ft?]. Transmissivity is reported in feet square per day (ft2/d), a mathematical reduction of the
unit cubic feet per day per square foot times feet of aquifer thickness ([(f3/d)/ft2]ft).

Vertical datum :

In this report, "sea level" refers to the National Geodetic Vertical Datum of 1929—-a geodetic datum derived from a general

adjustment of the first-order level nets of the United States and Canada, formerly called Sea Level Datum of 1929.

Abbreviated water-quality units

: Chemical concentration is reported in milligrams per liter (mg/L) or micrograms per liter (ug/L). Milligrams

per liter is a unit expressing the concentration of chemical constituents in solution as weight (milligrams) of solute per unit volume (liter) of water.
One thousand micrograms per liter is equivalent to one milligram per liter. For concentrations less than 7,000 mg/L, the numerical value is the
same as for concentrations in parts per million. Specific electrical conductance of water is reported in microsiemens per centimeter at 25

degrees Celsius (uS/cm).



Apparent Chlorofluorocarbon Age of Ground Water of the
Shallow Aquifer System, Naval Weapons Station
Yorktown, Yorktown, Virginia

By David L. Nelms, George E. Harlow, Jr., and Allen R. Brockman

ABSTRACT CFC-based dating indicates that convergence of

. flow lines occurs not only at the actual point of
Apparent ages of ground water are useful INgischarge, but also in the subsurface.

the analysis of various components of flow sys- The CFC-based recharge dates are consis-

tems, and results of this analysis can be incorpo- et \yith expected@H concentrations measured in

rated into investigations of potential pathways of hq \yater samples from the Station. The concentra-
contaminant transport. This report presents the i ¢34 in ground water ranges from below the

results of a study in 1997 by the U.S. Geological \;5Gg jaboratory minimum reporting limit of 0.3
Survey (USGS), in cooperation with the Naval 14 15 g tritium units (TU) with a median value of

Weapons Station Yorktown, Base Civil Engineer, 14 g 1y Water-quality field properties are highly

Environmental Directorate, to describe the appar- 4iaple for ground water with apparent CFC ages
ent age of ground water of the shallow aquifer

_ less than 15 years because of geochemical pro-
system at the Station. Chlorofluorocarbons

. . ) cesses within local flow systems. Ground water
(CFCs), triium ¢H), dissolved gases, stable iso- \yith apparent CFC ages greater than 15 years rep-

topes, and water-quality field properties were megpgents more stable conditions in subregional flow

sured in samples from 14 wells and 16 springs Oy stems.

the Stat_lon in March 1997. The range of apparent CFC ages is slightly
N'tﬂoge“'arg‘;’“ recharge temperatures rang@ e ater than the ranges in time of travel of ground

from 5.9°C to 17.3°C with a median temperature \aer calculated for shallow wells (less than 60-

of 10.9°C, which indicates that ground-water oot deep) from flow-path analysis. Calculated
recharge predominantly occurs in the cold monthg. o\« times to springs can be up to two orders of

of the year. Concentrations of excess air vary  aqnityde greater than the CFC-based apparent
depending upon geohydrologic setting (recharge 5465 Reasonable assumptions of values for

and discharge areas). Apparent ground-water ag§g, 5 lic parameters can result in substantial over-
using a CFC-based dating technique range from Limates for time of travel to springs.
to 48 years with a median age of 10 years. The Recharge rates computed from apparent

oldest apparent CFC ages occur in the Upper pargec ages range from 0.29 to 0.89 feet per year (ft/
of the Yorktown-Eastover aquifgr, whereas th? yr) with an average value of 0.54 ft/yr. The analy-
youngest apparent ages occur in the Columbia  gig of anparent CFC ages in conjunction with geo-
aqu_lfer and th? upper parts of the d!scha_rge_ ar€anydrologic data indicates that young water (less
setting, especially springs. Thg vertical distribu- h4n 50 years) is present at depth (nearly 120 feet)
tion of apparent CFC ages indicates that ground- 5§ that hoth local and subregional flow systems
water movement between aquifers is somewhat oo in the shallow aquifer system at the Station.
retarded by the leaky confining units, butthe - ¢ a4gition of the dimension of time to the three-
elapsed time is relatlvely short (generally less thapyiensional framework of Brockman and others
35 years), as evidenced by the presence of CFCs dlgg7y will benefit current (2001) and future reme-
depth. The identification of binary mixtures by giation activities by providing estimates of advec-
tive transport rates and how these rates vary

Abstract 7



depending upon geohydrologic setting and posi- Plummer, 1992; Dunkle and others, 1993; Speiran,
tion within the ground-water-flow system. Esti- 1996); (2) to determine ground-water age distributions
mated ground-water apparent ages and rechargein other parts of the Virginia Coastal Plain (Nelms and
rates can be used as calibration criteria in simula£hlin, 1993; McFarland, 1997; Nelms and Brockman,
tions of ground-water flow on the Station to refine 1997); and (3) to determine ground-water residence

and constrain future ground-water-flow models oftimes from spring samples, as part of the USGS Chesa-
the shallow aquifer system. peake Bay Ecosystem project (Focadi®97; Focazio

and others, 1998). This study at the Station uses a simi-
lar approach as the other studies in Virginia by using
INTRODUCTION apparent ages of ground water to improve the concep-
tualization of ground-water flow.

The U.S. Geological Survey (USGS), in cooper-
ation with the Naval Weapons Station Yorktown, York-
town, Va., has been investigating the geohydrology of Purpose and Scope
the shallow aquifer system at the 10,624-acre installa- _ , _
tion since 1995. Brockman and others (1997) described ~ 1h€ purpose of this report is to describe the
the geohydrology of the shallow aquifer system in  @Pparent chlorofluorocarbon (CFC) age of ground
terms of geologic setting within the Virginia Coastal Water in the shallow aquifer system on the Station and
Plain Physiographic Province, aquifer and confining 0 refine the conceptualization of g.rou_nd-water flow.
units, and conceptual ground-water flow. The produc- | N€ report presents the data and findings of a 1-year
tion, maintenance, storage, and research and develop§tUdY that involved _the use of enV|.ronmentaI tracers
ment of ordnance for the U.S. Navy have been the and isotopes to estimate and confirm the apparent CFC
primary mission of the Station since its establishment 29€S of ground water. The report (1) defines the appar-
in 1918. The Station is in an area steeped in historical®Nt CFC age of ground water in the shallow aquifer
American events. Not only are the mission of the Sta- SyStém, (2) compares apparent CFC ages with water-
tion and the local history unique, but the geology and quality field properties and calculated times of travel,
subsequent geohydrology also are unique. Dissolutior?"d (3) presents estimates of ground-water recharge

and erosion of calcareous sediments underlying the rates. Water samples were collected in March 1997

Station have formed numerous slump and subsidencefTom 14 existing observation wells installed by the

features. The relations between ground-water age, USGS (Brockman and others, 1997) and from 16 natu-

chemistry, and flow have contributed to the formation '@l Springs located throughout the Station. Apparent
of these unique geomorphic features, which have in CFC ages, dissolved gas and stable isotope composi-

turn affected the rich history of the area since colonial ion of ground water, and water-quality field properties
times (Brockman and others, 1997). were determined from the 30 ground-water samples.

Estimates of apparent age of ground water are

valuable for understanding and conceptualizing flow L
systems and can be used to refine the conceptualizatio[r)lescrlptlon of Study Area

of the geohydrology of the Stati_on presented in Brock- The study area consists of the Naval Weapons

man and others (1997). Determination of apparent agegation Yorktown, which encompasses parts of York

of ground water also can aid in the definition of poten-;,4 james City Counties and the City of Newport

tial pathways of contaminant transport on and near the\ys va. (fig. 1). The Station is located on the York-

Station and can be used in the calibration and sensitiVy5mes Peninsula and within the Atlantic Coastal Plain

ity analyses of ground-water-flow models of the aqui- ppysjographic Province of Virginia (Fenneman, 1938).

fers underlying the Station. An eastward thickening wedge of unconsolidated sedi-
o Grognd-water -datmg frequently has been us_.ed Gnents characterizes the Coastal Plain in Virginia,

aid in the interpretation of ground-water systems in the, hich extends eastward from the Fall Line to the

Coastal Plain Physiographic Province of Virginia. For atjantic Ocean. The Fall Line marks the boundary

example, ground-water dating was used (1) to define peqyeen the Coastal Plain and Piedmont Physiographic
steady-state conditions and occurrence of selected con-

taminants in the Delmarva Peninsula (Busenberg and

8 Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, V irginia
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Figure 1. Location and geomorphic features of the Naval Weapons Station Yorktown (study area),
Virginia, and adjacent area, Yorktown, Virginia.
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Provinces and is approximately 50 mi west of the sandy clay with or without some conglomerate, clay,
Station. and shell hash. The Yorktown-Eastover aquifer ranges
Another prominent feature of the Virginia in thickness from less than 60 to more than 100 ft. The
Coastal Plain is a series of terraces that occur at differEastover-Calvert confining unit consists of silt, clay,
ent elevations and are bounded by scarps cut by shoreand fine-grained sediments and generally is more than
line erosion (Johnson and others, 1993a). The Naval 150-ft thick across the Station. A more detailed
Weapons Station Yorktown is divided into two terracesdescription of the various geohydrologic units is pre-
(fig. 1)—the Lackey Plain and the Croaker flat (Brock-sented in Brockman and others (1997).
man and others, 1997). The Lackey Plain (Johnson, Although the relation between the geomorphol-
1972) occupies the largest area and the highest elevaogy (terraces and steep valleys) and geohydrology is
tions of the Station. The Croaker flat is a low-lying ter-complex, Brockman and others (1997) identified two
race located along the base of the Camp Peary scarp primary geohydrologic settings on the Station (fig. 3):
along the York River, where coarse to very coarse Recharge area settingvhere the Columbia aqui-
grained sediments occur at land surface. The terracesfer is saturated and unconfined, and the Cornwallis
are highly dissected by steep valleys formed by streanCave and Yorktown-Eastover aquifers are saturated and
erosion and ground-water sapping. These terraces andonfined. These areas usually are topographically ele-
valleys have a major effect on the shallow ground-  vated and flat with minimal stream dissection. Upland

water-flow system of the Station. wetland areas are scattered about the higher elevations
of the Station and are in hydraulic contact with the
Geohydrologic Setting Columbia aquifer. Fluctuations in water levels and

ground-water temperatures are more pronounced in the
Columbia aquifer and become progressively more sub-
dued in the deeper aquifers. Ground-water flow tends
' to be directed downward in response to steep vertical

The shallow aquifer system at the Station con-
sists of five geohydrologic units that overlay the East-
over-Calvert confining unit: (1) the Columbia aquifer

\(Ii)lltihecc?/rnwallilfs Fazetﬁongnrllr:? vlﬂ/rrllt’ (ﬁl)‘irt]ri]r? C?]ri?' hydraulic gradients between aquifers.
allis Cave aquifer, (4) the Yorktown co g unit, Discharge area settingyhere sediments of the

?hnd (5) :}hz Y(I)rktiowrrwl-itE asrtoveir aqu]Jtlfte): rrgﬂg.tr?)t-hA”LOf K Columbia aquifer are unsaturated, but sediments of the
€ geonydrologic units are present benea € Lacke¥ srmwallis Cave and Yorktown-Eastover aquifers are
Plain; the Cornwallis Cave confining unit and aquifer,

however. are truncated by the Camp Peary scarp and saturated. The Cornwallis Cave aquifer usually is
OWever, are truncated by the P y P unconfined and the Yorktown-Eastover aquifer gener-
are not present beneath the Croaker flat. The top of th

- . . glly is confined, but also can be unconfined. These
Eastover-Cquert confining unit deflnes the base of theareas are highly dissected with numerous springs and
shallow aquifer system at the Station.

The Columbia aquifer consists of verv fine to  ScEPS which are the primary discharge mechanisms
very coarse arained sgnds silty to clave syand or along with direct ground-water flow to streams. Field
ery ¢ 9 as, siity yey ’ reconnaissance indicates that occurrence of springs is
sandy clay, and ranges in saturated thickness from 5t

. gtron ly controlled by macropore processes such as
more than 20 ft, seasonally. The Cornwallis Cave con- gy y pore p

fining unit underlies the Columbi ifer beneath theground-water flow along tree roots and rootlets, and
L kg u Pl L:n ?]des N ?t Ol: I a aqr:]d r siltv cla Ordissolution, piping, and/or winnowing of shell material

ackey r'ain and consists ot ciay, sandy or sty clay, O, o cormwallis Cave aquifer. Seeps and springs nor-
clayey silt that can be from less than 5- to more than

) . . : mally occur at or slightly above (generally less than
Zr(])fltl tr:"d:]' The (ilr?rnwlallls ?axﬁ alquerocrosn;rl]sats ;:e” 5 ft) the stream and seldom occur up the sides of the
shell hash, coquina, ciay, or sit, ciayey y valleys. Fluctuations in water levels and ground-water
hash; very fine to medium grained sand; or shelly clay

X . temperatures are more subdued than in the recharge
and ranges in thickness from less than 5 to more than P g

60 ft. The Yorktown confining unit consists of cla area setting. Ground-water flow tends to be either
- 1he yorkiown co ng unit cor ' clay, downward or upward depending on the direction of
clayey silt, sandy clay, or silty clay with or without

shell hash or sand stringers that can be from less thanvertical hydraulic gradients between aquifers; these
5- 10 more than 30-ft thick. The Yorktown-Eastover gradients usually are low (less than 0.2 foot per foot).

” h hout the Station and consists of The designation of recharge and discharge areas
aquiter occurs throughout the Station and consists o by Brockman and others (1997) is consistent with the
very fine to coarse grained sand, silty sand, silt, or

geohydrologic framework and conceptual model of the

10 Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia



Geohydrologic unit

System Series Geologic unit
. Croaker
Lackey Plain flat
. . lumbi
2 Holocene Alluvial and marsh deposits ng%r#grla Columbia
aE) Shirley Formation aquifer
© Pleistocene Chuckatuck Formation : Yorkiowm
3 - : g Columbia confining Yorktown-
14 Windsor Formation % aquifer unit Eastover
Bacon's Castle Formation @ : aquifer
Pt Cornwallis Cave
Sedley Formation L confining unit
7 7 S
Moore House g Cornwallis
S Member Cave aquifer
i) %
i < = | Yorktown
Pliocene g Morgarts Beach T Yorktown confining
5 Member S confining unit unit
o >
c <
% Rushmere Member 3
£ (@) Yorktown-Eastover
S | sunkenMeadow |3 aquifer
Member >
g- Cobh B
obham Bay
o |5 5§
2 s Q.8 Member
8 O B3R
= o 2 E
i < ﬁ 5| Claremont Manor
g Member
CU 1
0
)
Miocene o
St. Marys Eastover-Calvert
Formation confining unit
Calvert Formation

Figure 2. Relation between geologic and geohydrologic units at the Naval Weapons Station Yorktown, Virginia.

Modified from Brockman and others (1997).
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}7 CROAKER FLAT } LACKEY PLAIN

Discharge area Recharge area —
setting setting

——— Discharge area
setting

Recharge area
setting

Naval Weapons Station
Yorktown boundary

Camp Peary Scarp

Naval Weapons Station
Yorktown boundary

‘| Felgates Creek

York River s

- Uyorkiown-Eastaver aguifer o S T el T B

NOT TO SCALE

EXPLANATION
UNSATURATED AQUIFER SEDIMENTS
UNSATURATED CONFINING UNIT

| . ’] SATURATED AQUIFER SEDIMENTS

SATURATED CONFINING UNIT
—

GENERALIZED LOCAL GROUND-WATER FLOW PATH
—> GENERALIZED SUBREGIONAL GROUND-WATER FLOW PATH

Figure 3. Geohydrologic section showing conceptualized ground-water flow at the Naval Weapons Station Yorktown,
Virginia. Modified from Brockman and others (1997).

ground-water-flow system presented in their report, bunaissance data collected during their study, preliminary
this designation does not imply that only one of these analysis of apparent age determinations (Nelms, 1997),
flow processes occurs in these areas. For example, thand previous investigations in neighboring York
discharge area setting occupies a large part of the studyounty (Brockman and Richardson, 1992; Richardson
area; recharge processes, however, can and do occurand Brockman, 1992). The shallow aquifer system is
this setting. Furthermore, these two settings are presen¢charged by infiltration of precipitation and by leakage
beneath the Croaker flat, but the sediments and uniquef precipitation through the confining units into the
features of the Cornwallis Cave aquifer are absent.  underlying aquifers. A majority of the recharge origi-
nates from on the Station or nearby adjacent areas.
Conceptual Model of Ground-Water Flow Ranges of vertical hydraulic conductivity for the aqui-
fers and confining units are comparable (table 1); the
ceptual model of ground-water flow in the shallow confining uni.t thicknesses generally are 8 and 1.4 ft for
i tem at the Station (fig. 3). The model is the Cornwallis Cave and Yorktown confining units,
aqurter sys 9. o). respectively. The steep vertical hydraulic gradients

based on a synthesis of geohydrologic and field recon .veen aquifers combined with the leaky and thin

Brockman and others (1997) developed a con-

12 Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia



Table 1. Ranges and median values for vertical and horizontal hydraulic conductivity
by geohydrologic unit at the Naval Weapons Station Yorktown, Virginia

[Data from Brockman and others (1997)]

Geohydrologic Number of Range Median
unit analyses (feet per day) (feet per day)

Vertical hydraulic conductivity

Columbia aquifer 5 1.7x16-1.7x101 7.1x102
Cornwallis Cave confining unit 5 3.1xFo1.4x102 2.6x10°8
Cornwallis Cave aquifer 12 6.2x7.4x101 4.2x102
Yorktown confining unit 6 1.3x18-7.4x108 1.2x10%
Yorktown-Eastover aquifer 27 4.0xPo4.8x101 1.8x103
Eastover-Calvert confining unit 11 6.0x901.3x104 8.5x10°

Horizontal hydraulic conductivity

Columbia aquifer 4 0.4-8 0.7
Cornwallis Cave aquifer 6 .3-9 4.5
Yorktown-Eastover aquifer 13 .02-5 1

confining units allow for relatively rapid vertical move- of carbonate minerals as ground water discharges to the
ment of ground water. The low vertical hydraulic con- streams. These deposits hormally occur in the upper
ductivity (table 1) and large thickness of the Eastover- parts of the Cornwallis Cave aquifer and occasionally
Calvert confining unit isolates the shallow aquifer sys-form a stair-like pattern of small waterfalls along the
tem from the deeper regional aquifer systems underlydongitudinal axis of the stream. Old travertine deposits
ing the Station (Brockman and others, 1997). The occur at altitudes above the present-day surface of the
vertical isolation of the shallow aquifer system contrib-water table, which may indicate that the water table
utes to the development of local and subregional flow was higher in the past in response to climatic
paths. Ground water flows from the point of recharge taconditions or changes in sea level. Another possibility
seeps, springs, and streams located in the highly dis- is that the water table was lowered locally by the
sected valleys and estuaries and to the deeply incisedcreation of preferred pathways or conduits for ground-
York River (incised approximately 60 ft). The rela- water flow because of changes in the aquifer matrix by
tively shallow incisement (generally less than 30 ft) of chemical and/or physical processes.
the James River to the south creates a different hydro- Areas underlain by the Yorktown confining unit
logic response in the shallow aquifer system than doefiave streams with poorly defined and shallow
the York River as evidenced by differences in hydraulicchannels, increased stream density, and broad flood
gradients determined by Brockman and others (1997) plains. Streams often are braided and flow over
organic-rich alluvial deposits that generally are less
Geomorphic Features than a few feet thick. Seeps at the base of the
Cornwallis Cave aquifer are readily identified by the

Stream morphology is strongly affected by the occurrence of iron deposits along the margins of the

geohydro_lpgic units with stream Qensity Increasing as broad flood plains. Discharge from the Yorktown-
permeability of the underlying unit decreases. Stream astover aquifer is difficult to identify because it
tend to be deeply incised and limited to a single stream . :

: : . occurs in areas along the tidal marshes of Felgates and
channel in areas underlain by the Cornwallis Cave Kina Creeks and in the York River
aquifer. A common feature in the outcrop areas of this g '

e : . Another feature frequently encountered on the
aquifer is the presence and formation of travertine andStation (predominantly in areas where the Comwallis
calcareous tufa deposits, which form by precipitation

Introduction 13



Cave aquifer crops out) is the apparent loss of flow year between November and March and the warmer
along short segments (generally less than 50 ft in periods between April and October (fig. 5). The coldest
length) of a stream. Streams often disappear into the month is January (2°€) and the warmest is July
streambank and re-emerge downstream; these segmei(®s.3C). Precipitation is evenly distributed throughout
easily could be misinterpreted as a spring (fig. 4). the year with an average annual value of 47.08 in/yr
Fissures form along the streambanks, and slope creeftfig. 5). Precipitation in an average year would be high-
develops on the valley walls under which the stream isest in July, 4.96 in., and lowest in April, 3.01 in.
flowing. Stoping and ground-water sapping (erosion)
combine to undercut the valley walls resulting in slope
instability, which frequently results in rotated and

deformed trees. . . Samples for analysis of CFCs were collected in
Numerous subsidence sinkholes or collapse feay; .., 1997 from 14 observation wells installed by the
tures dot the landscape of the Lackey Plain on the Stagggs (Brockman and others, 1997) and from 16
tion. The upland wetland areas usually develop in low springs located on the Station (fig. 6). The wells were
relief sinkholes or coalescing collapse features (G.H. .,nqirycted of 4-in.-inside-diameter polyvinyl chioride

Johnson, CoIIege of William and _Mary,. oral commun., (PVC) with screen lengths ranging from 4 ft for the
1996). In the discharge area setting, sinkholes or ol q|i finished in the Columbia and Cornwallis Cave

lapse features frequently occur at the heads of Stream§quifers to 9.5 ft for the wells finished in the Yorktown-

(fig. 4). I?jel;]ef. ofn many of the5ﬁ s_inlr_ho_lez can be up tG=5q10ver aquifer. Surface casings and bentonite grout
151t, and their formation usually is limited to areas o0 jnstalled in wells completed in the Cornwallis

undgrlaln by the Cor.nwalhs Cave aquifer. Ewplently,. ._Cave and Yorktown-Eastover aquifers to prevent leak-
stoping or undercutting processes erode the mterstltlagge of water from the overlying aquifer. Wells were

shell material of the Cornwallis Cave aquifer; void purged prior to sample collection using either a Grund-
spaces are created _that even.tually coIIapse. L_Jnder the s Redi-Flo 2 or a Bennett submersible pump. Water-
Whe'cﬁht of thelovedrlylngdmﬁtenal. The :Jleposmon of  quality field properties (pH, specific conductance, tem-
she maf”?] an ]:s,an th at commcilr_l y oceurs ai perature, and dissolved oxygen) and water levels were
Springs discharge from the Cornwa_ Is Cave aquiter monitored continuously during purging and sampling.
supports the idea of sediment erosion. The relation Specific conductance and pH were monitored in a

betwe_eT_sedlmenItI rergoval ar:jd _cli_|hsschIut|on.of sr}ell b flow-through chamber, whereas dissolved oxygen and
material is not well understood. The formation of su " temperature were measured downhole within the

sidence sinkholes, however, may be initiated by the digs;reaned interval. Water-level measurements were
solution of shell material that creates voids or opening%ade with an electric tape. A minimum of three well

in the aquifer that probably resemble the structure of &0lumes was removed during purging with the Grund-
honeycomb. Preferential ground-water flow along theserOS Redi-Flo 2, and then samples were collected with
dissolution openings could develop sufficient velocity o gennett pljmp after stabilization of the field proper-

to trakr;sport %ed:cmer:lt. quhnson_and otr;]ers (_1987(;, ties. The criteria used to define the stabilization of field
1993b) provide further information on the origin, dis- properties are shown in table 2.

tribution and evolution of subsidence sinkholes in the The springs sampled during this investigation are

Coastal Plain of southeastern Virginia. naturally occurring with no construction improve-

. ments. Water samples were collected from springs
Climate using a Bennett pump after monitoring the water-qual-

Climatic data for the Station were obtained from ity field properties until measurements stabilized. In

the National Weather Service station 449151 located most cases, the pump was placed directly into the
near Williamsburg, Va. The period of record is 46 yearsspring; springs with shallow discharge pools, however,
for temperature data and 51 years for precipitation datgequired the temporary installation of a 2-in.-inside-
at this station. The normal values are based on the diameter PVC screen to a maximum depth of 2 ft. The
National Weather Service’s current normal climatologi-oump was placed inside the screen and field properties
cal period from 1961 to 1990. The mean annual air ~ Were monitored directly in the discharge pool. Perti-
temperature is 14°6C with the colder periods of the ~ nent site information, water-quality field properties,

SAMPLING AND ANALYTICAL METHODS
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Cornwallis Cave
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Cornwallis Cave aquifer
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Figure 4. Dry stream segment (A) and collapse feature development uphill of spring (B) at
the Naval Weapons Station Yorktown, Virginia.
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Table 2. Measurement accuracy and stability criteria for water-quality field properties
during purging

[uS/cm, microsiemens per centimet¥e; degrees Celsius; mg/L, milligrams per liter; min, minutes;
<, less than]

Water-quality Measuremelnt Stability criteria 2
field property accuracy
pH + 0.01 units 0.1 units/min
Specific conductance +2.5uS/cm 0.5 uS/em)/min for <50QuS/cm
+5.0uS/cm 1.0 pS/cm)/min for 500-100QS/cm
Temperature +0.1°C 0.02C/min
Dissolved oxygen + 0.3 mg/L 0.03 (mg/L)/min

1From Beckman Instruments, Inc. (1992) and Yellow Springs Instruments, Inc. (1996)
2From Gibs and Imbrigiotta (1990)

and isotopic data for the wells and springs sampled intrations for nitrogen, argon, oxygen, carbon dioxide,
March 1997 also are presented in appendixes 1 and 2and methane were determined (appendixes 1 and 2).
Samples for CFC analysis were collected Samples for tritium3H) analysis were collected
through a 0.25-in copper tubing connected to the Ben4in a 1-L glass bottle capped with a polycone seal. A
nett pump. The samples were flame-sealed in 62-mL small headspace was left in the bottle to prevent bottle
borosilicate-glass ampoules using a special apparatusbreakage as a result of expansion of the water upon
developed by Busenberg and Plummer (1992) that prewarming. Following procedures modified from
vents the water sample from contacting the air. The Thatcher and others (1977), the samples were enriched
introduction of air from the time of sampling into the electrolytically and analyzed by liquid scintillation
sample could cause erroneous estimates of apparent counting in the USGS low-levéH laboratory in
ground-water age. Five sequential duplicate samples Menlo Park, Calif. Samples féH analysis were col-
were collected from each well. The samples were analected at each well and spring where CFC samples
lyzed by purge-and-trap gas chromatography with an were collected (appendixes 1 and 2).
electron-capture detector in the USGS CFC laboratory Additional samples were collected at each site
in Reston, Va. (Busenberg and Plummer, 1992). The for oxygen and hydrogen isotopic analyses to assist in
detection limit for the CFCs is less than 1 pg/kg (pico- the interpretation of the CFC, dissolved gas, #thd
gram per kilogram), which is equivalent to less than 1 analyses. Samples for the determination of stable iso-
part per quadrillion (Plummer and Friedman, 1999). tope ratios were collected in 60-mL glass bottles. The
Samples for dissolved gas analysis were col- samples were analyzed for oxygen-isotopic ratio by the
lected by filling a 160-mL glass bottle without aerating carbon dioxide (C@-equilibration technique of
the sample through a discharge line from the Bennett Epstein and Mayeda (1953) and for hydrogen-isotopic
pump. The 160-mL bottle was submerged in a 7.5-L ratio by the hydrogen equilibration technique of Coplen
container filled with water from the well or spring. The and others (1991) in the USGS stable isotope labor-
sample was then sealed in the 160-mL bottle with a atory in Reston, Va. The results of the stable isotope
rubber stopper that had a hypodermic needle insertedanalyses (appendixes 1 and 2) are reported in per mil
The needle was removed from the stopper while the (parts per thousand or %.) deviation from the Vienna
bottle was submerged to prevent gas exchange betwe&tandard Mean Ocean Water (VSMOW) with a 2-
the sample and atmospheric air (M.W. Doughten, U.S.sigma uncertainty of 0.2 per mil and 2 per mil for oxy-
Geological Survey, written commun., 1997). Two gen- and hydrogen-isotopic ratios, respectively (T.B.
sequential duplicate samples were collected at each Coplen, U.S. Geological Survey, written commun.,
well and spring where CFC samples were collected. 1997).
The samples were analyzed by gas chromatography in
the USGS dissolved gas laboratory in Reston, Va.
(Busenberg and others, 1993). Dissolved gas concen-
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Acknowledgments mated N-Ar recharge temperatures for 28 of the 30
ground-water samples were colder than the mean
Mr. Jeffrey Harlow of the Naval Weapons Station gnnual air temperature of 14.6, which indicates
Yorktown, Environmental Directorate, was of great  recharge predominantly occurs in the colder months of
assistance in arranging permits necessary for sample the year when plants are dormant and evapotranspira-
collection. Mr. Bernard Setterholm and Ms. CarOlyn tion is minimal. Although precipitation genera”y is
Nei”, also of the Directorate, assisted with prOject h|ghest in the summer months’ dissolved gas concen-

logistics. Assistance in the field sampling by R.J.  trations indicate that only a small percentage of this
Ahlln, CF BeII, J.J. Gllc!ea, and C.W. Relnltz of the rainfall recharges the ground-water System_
USGS is greatly appreciated. G.C. Casile, M.W. Dissolved concentrations ofzldnd Ar can also

Doughten, J.E. Wayland, and P. K. Widman of the  pe used to determine the amount of excess air in
USGS National Research Program prOVided valuable ground water (Heaton and Voge|’ 1981) Excess air is
assistance with the preparation and delivery of samplejefined as air in the unsaturated zone that is in excess
equipment and supplies and performed the laboratoryof solubility equilibrium (Plummer and Busenberg,
analyses. Eurybiades Busenberg and L. Niel Plummer;999). As the water table rises, excess air is entrained
of the USGS National Research Program assisted W|t|ih ground water and is eventua”y dissolved by increas-
the interpretation of the apparent age determinations. ing hydrostatic pressures with depth. The presence of
excess air will cause the sample to plot to the right
ESTIMATION OF RECHARGE wasersit equillrum ine along & given temperature.
TEMPERATURE line (fig. 7). Plummer and Busenberg (1999) reported

Recharge temperature is defined as the temperdhat €xcess air in ground water typically is less than
ture of ground water when isolated from air in the 6 CMY/L (cubic centimeters per liter).
unsaturated zone. The dissolved concentrations of Nelms (1997) noted that excess air concentra-
nitrogen (Nb) and argon (Ar) measured in water sam- 0Ons vary dependlng upon geohydrologlc setting. The
ples can be used to determine the temperature at highest concentrations of excess air occur in water
recharge. Air-water equilibrium processes that are samples from wells located in the recharge area setting
dependent upon pressure and temperature (Heaton of the Station, where seasonal water-level fluctuations

1981; Dunkle and others, 1993) fix the concentrations2'® large (table 3). Excess air i_ncreases as the saturated
of N2 and Ar in waters recharging the ground-water thickness above the screened interval increases. Low

nEXcess air concentrations are characteristic of wells and
springs located in the discharge area setting where sea-
sonal water-level fluctuations are more subdued and
saturated thicknesses are less than in the recharge area
setting.

Temperature differentials can be used to indicate
relative ground-water flow paths on the Station. Com-
Sparisons of ground-water and recharge temperatures to
mean annual air temperature indicate that recharge and
ground-water temperatures usually were colder than
mean annual air temperature (fig. 8), which indicates
short and shallow flow paths for water discharging to
springs. If the ground water had flowed deeper, the
measured water temperatures of the springs should be
warmer. Water from wells has followed deeper flow
paths. Variations in seasonal ground-water tempera-
tures generally are less than 1°C in the discharge area
setting, and the warmest temperatures occur in the late
winter and early spring months (Brockman and others,

system. Recharge temperature can be calculated fro
these concentrations because the recharge water is
approximately at atmospheric pressure. A graphical
representation of the estimation of recharge tempera-
ture from the dissolved Nand Ar gas concentrations is
shown in figure 7 for the 30 ground-water samples
from the Station (appendixes 1 and 2). The recharge
temperature is determined by projecting from the locu
of any sample to the temperature axis (water-air equi-
librium) along a line parallel to the temperature lines in
figure 7. Busenberg and others (1993) provide a more
detailed explanation of the estimation of recharge tem
perature.

The N-Ar recharge temperatures for the 30
ground-water samples collected in March 1997 range
from 5.9°C to 17.3°C with a median temperature of
10.9°C (table 3). Uncertainty in the estimation of N
Ar recharge temperatures is +1.0°C (L.N. Plummer,
U.S. Geological Survey, oral commun., 2001). Esti-
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Table 3. Range and median values for dissolved-gas compositions of ground water and for estimates of recharge temperature
at the Naval Weapons Station Yorktown, Virginia, March 1997

[Gas concentrations are in milligrams per liter. Median values in parenthesis if sufficient number of sites (at leagtlB)ta\alaulate. °C, degrees
Celsius; cr/L, cubic centimeters per liter]

Recharge Excess

Ii?g:igl r? ’\é?g?eesr temperature air Nitrogen Argon Oxygen ;2;?32 Methane
(°C) (cm3/L)
Columbia aquifer 5 9.3-13.0 1.1-34 18.1-20.8  0.6600.736  0.1-2.9  42.6-132.3  0.00-0.00
(10.3) (2.2) (20.3) (0.720) (1.2) (85.7) (0.00)
Cornwallis Cave -0.2-2.1
confining unit 3 8.7-10.5 17.9-20.7 .681-.743 1.6-6.0 37.4-61.1 .00-.01
gg&;‘gf‘"'s Cave 1% 5.9-17.1 -84.6 15.9-22.5 '5(9 ég;)m 0-7.0 451996  .00-01
(11.5) (.6) (18.5) : (2.8) (47.1) (.00)
Yorktown-Eastover 5 8.4-17.3 2-3.8 16.9-22.2 .631-.770 .0-5.9 12.4-32.2 .00-.02
aquifer (13.5) (3.1) (19.5) (.662) (.0) (20.8) (.00)
Wells u 8.4-17.3 -1-46 16.9-225 631-.770 05.9 9.6-199.6 .00-.02
(12.2) (2.9) (20.3) (.707) (1) (24.8) (.00)
Springs 16 5.9-17.1 -846 15.9-21.2 591-.767 1-7.0 45-94.0 .00-.01
(10.4) (.6) (18.5) (.691) (2.9) (52.2) (.00)
Recharge area 8 8.4-13.9 1.1-4.6 18.1-225 .660-.770 0-2.9 9.6-132.3 .00-.02
setting (10.9) (3.3) (21.0) (.715) (1) (23.8) (.00)
Discharge area - 5.9-17.3 -8-4.6 15.9-22.5 591-.767 .0-7.0 4.5-199.6 .00-.01
setting (11.0) (.6) (18.5) (.684) (2.8) (43.9) (.00)
Shallow aquifer 20 5.9-17.3 -846 15.9-22.5 591-.770 0-7.0 45-199.6 .00-.02
system (10.9) (1.3) (19.1) (.696) (2.0) (41.4) (.00)
1997). The temperature differentials depicted on figure The stable isotopes of oxygen and hydrogen—

8 represent minimums because sampling occurred in expressed a8'%0 anddD—can be used to trace the
March, during the period when ground-water tempera-origin and movement of local ground water (Mazor,
tures are the warmest. The springs with water tempera-991). Compositions of the stable isotopes in ground
tures warmer than mean annual air temperature (fig. 8)vater (fig. 9) at the Station tend to parallel the global
have a large percentage of their drainage areas in themeteoric water line (Craig, 1961). TBEO values
urbanized sections of the Station. The effect of urban range from -7.2 to -5.5 %o araD values range from
land use on recharge and ground-water temperatures ig1 .2 to -29.7%.. Deuterium excesd {s a measure of
not well understood. Heat retention by pavement and the |ocal shift from the global meteoric water line and
buildings or leaking water and sewer lines could con- 5 yefined asl = 5D — 85180 (Clark and Fritz, 1997).
tribute to these temperature differentials. Values ofd range from 13.3 to 16.8%. with a median
The temperature differentials for wells and value of 14.8%. for the Station. Thesealues are
springs indicate that recharge predominantly occurs iy, jicative of late winter to early spring recharge
the colder months of the year. Ground water, however(Dumde and others, 1993). The estimate of recharge
equilibrates with the temperature of the aquifer mate- go,50n hased on stable isotope data yields results con-

rial as it moves deeper in the flow system (Mazor,  gjgtent with the estimates of recharge temperature
1991), which explains the positive temperature differ- based on dissolved gas analyses.

entials between ground-water and mean annual air tem-

peratures. Ground-water temperatures varied by 3°C

seasonally in the Columbia aquifer and usually varied APPARENT CHLOROFLUOROCARBON
less than 1°C in the deeper aquifers beneath the AGE OF GROUND WATER

recharge area setting of the Station (Brockman and oth- _
ers, 1997). Estimates of the apparent age of ground water

aid in the conceptualization and subsequent evaluation
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Figure 8. Relation between ground-water temperature and mean annual air temperature and between ground-water
recharge temperature and mean annual air temperature at the Naval Weapons Station Yorktown, Virginia.

22 Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia



'28 T T " T
/m
— -30 K b
= /
o ;
i A
o 32 .0 7
2 ves
= A
o -34 e) 4 g 7
= S/
2 %
O gl 4 1
= 36 ,, Py / — Global Meteoric Water Line
4 & 5 D=85'°0+10%
= N Craig (1961)
< -38 (')//'l B
| &,
Ll &
o &
s
3 4ot S i
K
(‘2
O
-42 ! 1 1
-8 -7 -6 -5 -4

580 RELATIVE TO VSMOW, IN PER MIL

EXPLANATION
WELLS SPRINGS
B Columbia aquifer O  Columbia aquifer
A Cornwallis Cave aquifer- V'  Cornwallis Cave confining unit

Confined
O  Cornwallis Cave aquifer
Cornwallis Cave aquifer-

nconfin

Unconfined AVERAGE DEUTERIUM

4 Yorktown-Eastover aquifer- EXCESS-In per mil
Lackey Plain

@® Yorktown-Eastover aquifer-
Croaker flat

Figure 9. Relation between 8oxygen (5180) and deuterium (3D) in ground water at the
Naval Weapons Station Yorktown, Virginia, March 1997. Oxygen and hydrogen isotope
values for water are reported relative to Vienna Standard Mean Ocean Water (VSMOW).

Apparent Chlorofluorocarbon Age of Ground Water 23



of ground-water-flow systems. Ground-water velocitiesmethod developed by Busenberg and Plummer (1992)
and recharge rates can be estimated using the apparestbased on the simplifying assumption of piston or
ground-water ages. Two types of transient environmerplug flow, which presumes that the tracer (CFCs) is

tal tracers—CFCs amiH—were used in the determi- transported as a plug through the aquifer with no dis-
nation of apparent age of ground water at the Station. persive mixing in the direction of flow. “Apparent CFC
The CFC-based dating technique (Busenberg and  age” is used because the age determinations are based
Plummer, 1992) was the primary method for dating  on the time since the CFCs were equilibrated with

ground water in this study; the concentratiodtéfin recharge entering the ground-water system. Because
the water was used to confirm the CFC-based appareff€mical and physical processes can affect the trans-
age determinations. port of CFCs through the unsaturated zone and into the

ground water, the apparent CFC age may not equate to

the actual travel time of the water (Plummer and
Dating Methods Busenberg, 1999).

Tritium (3H) is the radioactive isotope of hydro-
Chlorofluorocarbons (CFCs) are stable syntheticgen with a half-life of 12.43 years (International
organic compounds that were first manufactured in theatomic Energy Agency, 1981) and is an indicator of
1930's and used as refrigerants, aerosol propellants, ground water recharged since 1952 (Clark and Fritz,
cleaning agents, solvents, and blowing agents in the 1997). Production ofH in the atmosphere naturally
production of foam rubber and plastics (Busenberg anéccurs by cosmic ray spallation, but the principal
Plummer, 1992). CFCs eventually are released to the source ofH since about 1952 was the atmospheric
atmosphere and hydrosphere, where concentrations  testing of thermonuclear weapons. The standard unit of
have increased over time. Depletion of the Earth's  measure fofH is a tritium unit (TU) for which one TU
ozone layer has been attributed to the rapid atmo- s equivalent to onéH atom per 18 atoms of hydro-
spheric accumulation of these compounds (Molina angyen or, in terms of radioactivity, 3.2 picocuries per liter
Rowland, 1974). The most widely used CFCs are  (Clark and Fritz, 1997). Tritium content in precipitation
trichlorofluoromethane (C@F, CFC-11, Freon 11), in the northern hemisphere reflects world events during
dichlorodifluoromethane (C@i,, CFC-12, Freon 12), the Cold War years with a maximum concentration
and trichlorotrifluoroethane (ClsFs, CFC-113). CFC- occurring in 1963, commonly referred to as the “bomb
11 and CFC-12 made up 77 percent of total global propeak” (fig. 10). Atmospheric concentrations gradually
duction of CFCs (Derra, 1990). Busenberg and Plum- have declined since 1963 and present-day ground water
mer (1992) developed a method for dating ground  typically contains less than 1 to 10 TU, seldom exceed-
water using concentrations of these major CFCs. ing 50 TU (Clark and Fritz, 1997).
Atmospheric partial pressures of CFCs that were

in equilibrium with the measured concentrations of
CFCs in the ground-water samples are determined byApparent Age of Ground Water Based on
Henry's law from the B#Ar recharge temperature esti- Chlorofluorocarbons
mates. The calculated equilibrium partial pressures are _ ,
compared to the atmospheric mixing ratios of CFCs The presence of CFCs in water from the 30 sites
(fig. 10) to determine the apparent CFC recharge date?ampled in March 1997 (table_4) indicates that at qust
which equates to the time that the tracer (CFCs) was some_parts of the shallow ngfer system on the Station
isolated from air/soil gas in the unsaturated zone at th§0Ntain ground water that is younger than 50 years.
water table. The apparent CFC age is the difference CFC apparent ages range from 1 to 48 years with a

between the date of sample collection and the apparefiedian age of 10 years (fig. 11). The oldest apparent
CFC recharge date. ages occur in the upper parts of the Yorktown-Eastover

The term “apparent CFC age,” as defined by aquifer, whereas the youngest apparent ages occur in

Szabo and others (1996) and Plummer and Busenberé""mpIes from the Columbia and Cornwallis Cave aqui-
(1999), is used throughout this report to qualify the ~ Ters, and in the discharge area setting, especially in
ground-water age determinations. “Apparent age” is  SPrings, where apparent CFC ages range from 1 to 14

used because ground-water samples usually represenY§2rs- Ground water in the recharge area setting has a
mixture of waters of varying ages, whereas the dating ide distribution of apparent CFC ages (6 to 48 years),
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Figure 10. Atmospheric mixing ratios of chlorofluorocarbon-11 (CFC-11), chlorofluorocarbon-12 (CFC-12), and
chlorofluorocarbon-113 (CFC-113) for North American air and estimated monthly concentration of tritium (3H) in
precipitation for the Naval Weapons Station Yorktown, Virginia. Tritium data derived from estimation technique
of Michel (1989) and are not corrected for radioactive decay. Modified from Plummer and Busenberg (1999).

which is expected because of steep, downward vertical Patterns in the spatial distribution of apparent
hydraulic gradients between aquifers. Although the  CFC ages are not readily apparent (fig. 12). The most
range in apparent ages (1 to 44 years) for samples frowbvious pattern is the relatively young apparent ages
the discharge area setting is similar to the range for thdetermined for the samples from the springs located
recharge area setting, nearly 75 percent of the samplebdiroughout the Station. Similar apparent CFC ages
from the discharge area setting contain water that washave been determined for springs sampled in Colonial
recharged since 1987. National Historic Park, which is adjacent to the Station
The predominance of young apparent CFC ageqFocazio and others, 1998). The simplifying assump-
(less than 10 years) for the samples in the discharge tion of piston flow for CFC-based dating is valid for the
area setting is a function of site selection and time of samples from springs on and near the Station. The dis-
sampling. Most of the sites (11 out of 15) in the dis- charge from springs, therefore, probably represents
charge area setting for which apparent CFC ages couldorizontal convergence of flow lines that contain young
be determined were springs. In addition, the time of waters recharged at approximately the same time. The
sampling coincided with the seasonal high in water levresolution of the CFC dating method precludes identifi-
els for the shallow aquifer system. One would expect cation of these waters as mixtures. The results from
the apparent ages to be young because the dissolved CFC-based dating, however, support the concept of
gas data suggest shallow flow of late winter/early local flow systems within the shallow aquifer system
spring recharge from areas intermediate of the rechargaroposed by Brockman and others (1997).
area setting. The intermittent occurrence and flow of
many of the springs sampled during this investigation
further imply that apparent ages should be young.
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Figure 11. Distribution of apparent chlorofluorocarbon (CFC) age of water in shallow aquifer system
at the Naval Weapons Station Yorktown, Virginia, March 1997. Uncertainties in apparent CFC age

range from 0.4 to 4.1 years.
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Binary Mixtures of Water indicates that enough time has elapsed after recharge

Some of the samples from the discharge area Sé%r Lhe gro.L;nd w3t_er to equilibrate with the temperature
ting are interpreted, using the ratios of the CFCs, to  °f the aquifer sediments. L
rer?resent a binary mixture of young (less than 50 _ '_I'he sample from well 58F99 (BZ)’ which is fin-
years) and old (greater than 50 years) waters. Plummds"€d in the Yorktown-Eastover aquifer, also appears to
and Busenberg (1999) describe a method for identify-"€PréSent a binary mixture of water (table 4). The
ing binary ground-water mixtures based on the ratios oftSSUMPption that the young fraction in this well was
CEC-11/CEC-12 and CEC-113/CEC-12. These ratios recharged in the past 14 years seems unlikely because

havechanged over me n response [ he vanying npdf Yerkioun confing unit s eltuely e el
of the individual CFCs into the atmosphere. Binary ' ) -

mixtures of young and old waters are readily identifi- SU99€sts that the measured concentrations of CFC-113
able by the disparity between the apparent ages esti- have been modlfled by contar_n.matlon during sampling
mated for the individual CFCs. For example, the or as an artifact of the well drilling process.
apparent CFC recharge dates for well 58G57 (N3) are o
1976 and 1966 for CFC-113 and CFC-12, respectivelyVertical Distribution of Apparent CFC Ages
(table 4). The distribution of these recharge dates, as The vertical distribution of apparent CFC ages
described in Plummer and Busenberg (1999), indicatefdicates that, in the recharge area setting, ground
that the sample represents a binary mixture of young water becomes progressively older with depth (fig. 13).
water that was recharged after 1976 and old water thathe apparent absence of mixed waters in the recharge
was recharged prior to 1966. The presence of mixed area setting indicates that ground-water movement is
waters in the discharge areas is expected because flowy piston or plug flow downward in response to the rel-
lines generally converge in these settings and the potegtively steep vertical hydraulic gradients between aqui-
tial for convergence increases in the lower reaches. fers. Cluster | is located at a ground-water divide
Position within the shallow aquifer system is an (Brockman and others, 1997) where the vertical
important criterion in determining whether the water hydraulic gradient between the water table and the base
sample represents plug flow or a binary mixture. Well of the Yorktown-Eastover aquifer is nearly 3.5 times
58G57 (N3) is the farthest site sampled in the Cornwalgreater than those at the other clusters shown on figure
lis Cave aquifer downgradient of the ground-water 13, Clusters E and H are located downgradient from the
divide. The measured concentrations of CFC-113 andground-water divides.
CFC-12 indicate that the binary mixture in the sample The thickness of the geohydrologic units and the
from this well contains between 10 and 20 percent of ratio of horizontal to vertical hydraulic conductivity
water recharged in the past 21 years. The remainder qk/K,) also are important controls on the vertical dis-
the water in the mixture was recharged before 31 yeargibytion of ages. The thicknesses of the different geo-
ago. Evaluation of the ratio of CFC-11/CFC-12 indi-  hydrologic units vary greatly and the ratio of/Ky
cates that the measured concentrations of CFC-11 haygnges from 6:1 to greater than 56,000:1, with the low-
been modified by sorption or degradation processes, st ratios occurring in the aquifers and the highest
which are described later in the report. The actual  gccurring between the Corwallis Cave aquifer and the
apparent age of the young fragnon in well 58G57 (N3)yorktown confining unit (fig. 13). The distribution of
is unknown; but the interpretation that the young frac- these ratios indicates that a majority of the downward
tion was recharged less than 21 years ago is within th,\y of ground water moves laterally away from the
range of apparent CFC ages (1 to 14 years) determineglyiges. Sufficient recharge is available, however, to
for the samples from springs. The actual apparent agéyoye young water down to relatively deep depths
of the old fraction is also unknown; the old fraction,  (nearly 120 ft below land surface).
however, could represent water recharged prior to the The vertical distribution of apparent CFC ages
introduction of CFCs into the atmosphere (greater thayepjcted on figure 13 represents the time interval of the
50 years) based on the position of well 58G57 (N3) ' injtia| stages of ground-water flow along a subregional
within the shallow aquifer system. The stable seasona}jq,y path. Water-level mapping by Brockman and oth-

fluctuation of ground-water temperatures in this well of g (1997) shows that ground water flows away from
0.2°C, as measured by Brockman and others (1997), \ye|l clusters E, H, and I. The age of ground water,
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E, H, and I located in the recharge area setting on the Naval Weapons Station Yorktown,
Virginia, March 1997.
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therefore, should increase downward and outward as preted as piston or plug flow, which further confirms
the distance from the ground-water divides increases.the presence of local flow systems in the shallow aqui-
Apparent ages that are greater than 40 years, howevefer system at the Station.
approach the limits of CFC-based dating and compli- The major difference between the two geohydro-
cate the identification of whether a sample representslogic settings is the occurrence of mixed waters in the
piston flow or a binary mixture. The apparent CFC  discharge area setting, as indicated by the CFC ratios.
ages that are greater than 40 years (fig. 13) were detefhe occurrence of mixed waters is expected because
mined with the assumption of piston flow because the flow lines from the local and subregional flow systems
measured concentrations of CFC-11 and CFC-12 yieldienerally converge in discharge areas. The vertical
similar ages, and CFC-113 was not detected in these hydraulic gradients are less than those in the recharge
samples (table 4). The absence of CFC-113 in these area setting and can be upward rather than downward
water samples is consistent with recharge prior to 1955s illustrated at cluster G (fig. 14). The earlier discus-
when CFC-113 was introduced (Plummer and Busen-sion of No-Ar recharge temperatures for the spring
berg, 1999). samples indicated that flow can be shallow and that
The Cornwallis Cave and Yorktown confining  recharge occurred between the point of discharge and
units in the recharge area setting tend to retard grounavhere the Columbia aquifer sediments become unsat-
water movement between aquifers. The maximum dif-urated. The relatively high excess air concentration for
ference in apparent CFC ages between the base of thge|l 58G57 (N3) (4.37 c#iL) indicates that the old
Columbia aquifer and the base of the Cornwallis Cavefraction of the mixture could have originated from an
aquifer is 32 years (fig. 13), whereas the differences ingrea where the seasonal water-level fluctuations are
apparent CFC ages between the base of the Cornwalligrge (recharge area setting). The presence of samples
Cave aquifer and the upper parts of the Yorktown-Easthat represent both piston flow and mixtures of young
over aquifer at well clusters H and | are 24 and 4 yearsand old waters, diminished and reversed vertical head
respectively. The vertical distribution of apparent CFC gradients, and multiple origins of recharge in the dis-
ages indicates that ground-water movement between charge area setting suggests that both local and subre-
aqUiferS is somewhat retarded by the Confining Units, giona| flow Systems compose the shallow aquifer
but the elapsed time is relatively short (generally less system at the Station under Lackey Plain.
than 35 years), as evidenced by the presence of CFCs at  well cluster F is located in a unique discharge
depth. The vertical distribution of apparent CFC ages isirea beneath the Croaker flat where the Yorktown-Eas-
consistent with the conceptual model of Brockman andover aquifer is unconfined and both the Columbia and
others (1997) where the confining units in the shallow Cornwallis Cave aquifers are absent (Brockman and
aquifer system are considered to be leaky. others, 1997). The vertical head gradient between wells
As in the recharge area setting, the vertical distrisgG52 (F3) and 58F51 (F2) is practically nonexistent
bution of apparent CFC ages in samples from wells  (0.002 ft/ft). The relatively young apparent age (6
located in the discharge area setting also increases Witfears) determined for the sample from well 58G52 (F3)
depth. The assumption of plug flow is valid for some s a function of the shallow depth (8 ft) below the water
parts of the shallow aquifer system in the discharge  table of the screened interval (fig. 14). On the basis of
area Setting. The apparent ages determined for Sampl%ter-|eve| mapping, Brockman and others (1997) sug-
from wells finished in the Cornwallis Cave aquifer at gest that recharge to well 58G52 (F3) probab|y occurs
well clusters B and G (fig. 14) are young and similar tojn proximity to the well. The low vertical head gradient
the ages determined for samples located at the base @fnd high K/K, ratio of 1,500:1 in this area results in
the Columbia aquifer in the recharge area setting. Thigateral flow of water towards the York River in the
similarity in apparent ages suggests that water in the ypper parts of the Yorktown-Eastover aquifer. The rela-
Cornwallis Cave aquifer at well clusters B and G did  tjyely old apparent age (44 years old) that was deter-
not originate from the recharge area setting where welhined for the sample from 58G51 (F2) is the result of
clusters E, H, and | are located; the similarity in ages ground-water movement along a deep flow path. The
can be explained by the presence of local flow systemgpparent ages of the water from these two wells are sig-
in the discharge area setting. CFC-based dating indi- nificantly different although these wells intercept the

cates that a majority of the samples from wells and  same equipotential line. The absence of mixed waters
springs in the discharge area setting could be inter-
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at well cluster F indicates that ground-water recharge talischarges from the Cornwallis Cave aquifer, and the
the Columbia and Yorktown-Eastover aquifers beneattapparent CFC ages are 18.5+1.8, 10.5+2.3, and 10+1.1
the Croaker flat predominantly originates within the years from CFC-11, CFC-12, and CFC-113, respec-
areal extent of this particular geomorphic feature on theively. The abundance of shell material in the shallow

Station. aquifer system (especially the Cornwallis Cave aquifer)
and organic matter in the soil zone may enhance sorp-
Limitations of CFC-Based Dating tion primarily of CFC-11 and occasionally of CFC-113

(table 4). In anoxic environments, CFC-11 and CFC-

base d’i’;gﬂ:ﬁ”tjgggrderfdrrﬁnﬁ;&?ﬁgg:g tQS t?eFtvc\:/;zenlw are more susceptible to microbial degradation than
q 9 9 CFC-12 (Plummer and Busenberg, 1999).

the mid- to late-1990s are extremely sensitive to uncer- Apparent ages of water from springs sampled in

tainties in estimates of recharge temperature (Plumm%e more urbanized parts of the Station frequently
and Busenberg, 1999). For ground water recharged could not be determined by CFC-based dating because

priorto 1990, apparent CFC age uncertainties generallXalculated CFC atmospheric partial pressures for these

are less than 3 years for an uncertainty of +2°C in
I h 1997) CF -
recharge temperature (Plummer and Busenberg, 1999§§mp es were greater than modern (1997) CFC atmo

R : pheric mixing ratios. The elevated concentrations of
In order to minimize uncertainty, the recharge tempe_raCFCs in the water indicate that sources other than the

Ihe age detenmination rather than an average of meclgyTIOSPere have itroduced CECs into the ground-
valuegfor the entire Station. The uncertaintigs ina ar\_/vater system. Sewage effluent, for example, commonly
ent CEC aqes presented ir; table 4 were calculate?jpb contains elevated concentrations of CFCs (Plummer
adjustmen?of tﬂe recharge temperature by £2°C Sar):wand Busenberg, 1999). The five sites for which the
i . e pparen Idn rmin FS5 (13-
ples containing water recharged prior to 1990 had apparent ages could not be dete ed (58FS5 (13-3),

2 58FS6 (15-1), 58FS10(20-1), 58FS11 (20-4), and
apparent CFC age uncertainties that ranged from 0.4 t§8F813( (20_)9)) are ide(ntifiet)j as “conta(mina?[ed" in
2.4 years, whereas samples containing waters

. I table 4 and figure 12. The term “contaminated” is
recharged since 1990 had uncertainties that ranged applied here only relative to the CFC-based method for
from 1.6 to 4.1 years.

Additional processes can affect the transport of ground-water dating, which is based on extremely low

CFCs in ground water and thereby madify the apparen?tmOSphe”C ratios (measured in parts per trillion by

age determinations. Plummer and Busenberg (1999) yolume), gnd the unit. of measure for the water s_amples
'dg i 10 h ' Revi tth CIgC I is approximately equivalent to parts per quadrillion.
;/seenstlgableszlu)cinc?irczctgzstﬁz sc‘)ar\r/:v;fothte:e procggse-s The elevated concentrations of CFCs identified in the
have affected the samples collected during this study. water at the five sites generally are less than AgJb.
Sorption of CFCs to sediments and organic matter and

biodegradation of the CFCs can decrease the concentomparison of Apparent CEC Ages with

trations of CFCs in ground water. This decrease resu““i’ritium Concentrations

in the apparent age determined from measured concen-

trations of one CFC appear to be older than the ages The concentration oH in ground water at the
determined from the other CFCs (fig. 15). CFC-11 andsStation in March 1997 ranged from below the USGS
CFC-113 are more susceptible to sorption and biodegreporting limit of 0.3 to 15.9 TU with a median value of
radation processes than CFC-12 (Plummer and Busen0.8 TU (table 5). Tritium concentrations have similar
berg, 1999). Column experiments conducted by ranges and median values for the different geohydro-
Ciccioli and others (1980) indicate that transport logic units with the lowest concentrations present in the
through ground or pulverized limestone caused signifiwater samples from the Yorktown-Eastover aquifer.
cant sorption of CFC-11 and CFC-113. Water samplessamples from springs tended to have higlecon-

from the Cornwallis Cave aquifer frequently yield dif- centrations than those from wells. Range#Hrcon-

ferent apparent ages from the measured concentratioggntrations for the recharge and discharge area setting
of each individual CFC. This disparity may be attrib- gre similar.

uted to SOfptiOﬂ of CFC-11 and CFC-113 to shell mat- Precise dating of ground water by mean3drbis
erial in this aquifer. For example, spring 58FS3 (6-1) difficult because of five factors: (1) radioactive decay
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Table 5. Range and median values for tritium concentrations in ground water
on the Naval Weapons Station Yorktown, Virginia, March 1997.

[All tritium concentrations are reported for March 1997. Median values in parenthesis if sufficient
number of sites available to calculate. pCi/L, picocuries per liter; TU, tritium units, <, less than]

Tritium Tritium
Sample Number Tritium 2 sigma Tritium 2 sigma
location of sites (pCi/L) error (TU) error
(pCilL) (TU)
Columbia aquifer 6 26.0-45.0 2.6-3.2 8.1-14.1 0.8-1.0
(38.5) (2.6) (12.0) (.8)
Cornwallis Cave 3 27.0-36.0 1.9-2.6 8.4-11.3 .6-.8
confining unit
Cornwallis Cave 16 <1.0-51.0 1.0-5.1 <0.3-15.9 .3-1.6
aquifer (36.0) (2.9) (11.3) (:9)
Yorktown-Eastover 5 <1.0-31.0 1.0-1.9 <.3-9.7 .3-.6
aquifer (<1.0) (1.0 (<.3) (:3)
Wells 14 <1.0-48.0 1.0-3.2 <.3-15.0 .3-1.0
(1.9) (9.8) (.6)
Springs 16 26.0-51.0 1.9-51 8.1-15.9 .6-1.6
(35.5) (2.9) (11.2) (.9)
Recharge area setting 8 <1.0-45.0 1.0-3.2 <.3-141 .3-1.0
(23.0) (1.8) (7.2) (.6)
Discharge area 22 <1.0-51.0 1.0-5.1 <.3-15.9 .3-1.6
setting (34.5) (2.6) (10.8) (.8)
Shallow aquifer 30 <1.0-51.0 1.0-5.1 <.3-15.9 .3-1.6
system (34.5) (2.6) (10.8) (.8)

of initial *H levels, (2) latitudinal effects, (3) seasonal adjustecfH input function for the Station is shown on
variations offH concentrations in precipitation, (4) figure 16. The apparent recharge date determined with
variation in3H concentrations with distance from the CFCs and the measurdd concentration for a major-
ocean, and (5) the series of spikes for#grecipit- ity of the samples correspond to the expeété¢don-
ation input function (Dunkle and others, 1993; Plum- . .

centration on théH input curve. Plummer and

mer and others, 1993). Tritium concentrations, how- Busenberg (1999) suggest that the tritium/helium-3

i F .
ever, can be useful to refine the appgrent CFC ages b%Iatlng method (Schlosser and others, 1988; Solomon
comparing the measured concentration in ground water

sampled in March 1997 to tAel input function. The and others, 1992) could be used to date the young frac-

3H input function (fig. 16) was reconstructed for the tion of binary mixtures if the older fraction of water
Station using the geographic distribution and historical’' 2 recharged prior to t_he bomb peak in 1963.
The®H concentrations for water samples from

3H concentrations from a national network of USGS :

precipitation stations (Michel, 1989). The initf the Yorktown-Eastover aquifer are low because

concentrations were adjusted to account for radioactivéécharge occurred prior to sufficient input®ef from

decay to the time of the sampling period (March 1997)the atmospheric testing of thermonuclear weapons.

by use of a modified version of the radioactive decay Natural®H concentrations from cosmogenic sources

law (Coplen, 1993) and given as were estimated to range from 2 to 8 TU (Thatcher,
1962); after adjustment for radioactive decay, these
concentrations would range from 0.2 t0 0.6 TU in

- -0.693/t;,, (]_) . . .

A =Age March 1997. The higPH concentrations in the water
samples from the springs and other sites in the dis-
charge area setting are a result of high infthton-
centrations after the bomb peak, which were not
substantially reduced by radioactive decay because

where Ais the activity or concentration at tinheA, is
initial activity, and 1 is the half-life ofH (12.43

years). A plot ofH concentration and apparent CFC
recharge date determined for each sample with the
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Figure 16. Relation between apparent chlorofluorocarbon recharge date and tritium concentration in ground
water and in precipitation (from Michel, 1989) at the Naval Weapons Station Yorktown, Virginia. Tritium
concentrations in precipitation are decayed to March 1997. Uncertainties in apparent chlorofluorocarbon
recharge dates range from 0.4 to 4.1 years.
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elapsed time was short (generally less than 10 years) the Columbia aquifer likely are closed systems for
since the water was recharged. which the supply of C®is small and the supply of
H>CQOsis quickly depleted.

Relation to Water-Quality Field Properties Specific Conductance

Water-quality field properties are highly variable The specific conductance of ground water in the
for ground water with apparent CFC ages less than 15shallow aquifer system on the Station ranges from 40 to
years but have similar ranges for ground water with 960 pS/cm with a median value of 438 uS/cm (table 6).
apparent ages greater than 15 years (fig. 17). The  The lowest values of specific conductance were mea-
apparent wide ranges in water-quality field properties sured in water samples from the Columbia aquifer. The
(table 6) for the different geohydrologic units and set- extremely dilute water in the Columbia aquifer is a
tings are the result of interaction of water with the sediresult of an abundance of minerals (silicates) in the
ments along local and subregional flow paths and the aquifer sediments that tend to be resistant to chemical
relative position of the sample sites within these flow weathering. The remaining geohydrologic units prima-
systems. The young waters represent the local flow rily consist of soluble minerals (calcite and aragonite)
systems where: (1) biochemical and chemical reactiongnd have high values for specific conductance, which is
are actively weathering the sediments of the shallow consistent with the composition of the sediments
geohydrologic units and (2) the potential for contami- within these units. The dissolution of shell material
nants to be introduced from near-surface sources is causes the specific conductance to increase as a result
high. The older apparent CFC ages in the deepest ge®f an increase in the concentration of dissolved species
hydrologic units indicate longer residence times alongin solution. Comparison of apparent CFC ages and
subregional flow paths during which the ground water results of specific conductance measurements indicate
chemically equilibrates with the sediments in these  that the dissolution of shell material is likely a rela-

units. tively rapid process (fig. 17). The variability of ranges
and median values of specific conductance between the
pH recharge and discharge area settings is partly related to

. . e the availability ofP- . The dissolution reactions in
| V\:)ater N thff é:olugg)la aqug‘er 'S aculjlcl W'thr?H the geohydrologic units below the Columbia aquifer in
values between 4.8 and 6.9, predominantly less than e recharge area setting are moderated because the

6I..0.hVI\/ater.Oi|n the remali.rllinlg gle:(orll_ydrplogic units is h supply of CQ is depleted, which is typical of subre-
slightly acidic or more likely alkaline in response (o t € gional flow systems. The opposite is true in the upper

ark:ulrlldance 2} shell material. The upper pt;\]rtls of thle parts of the discharge area setting, especially for
Sf aHO\llov aquirer sfysltem f:dqntaln waters W'tz OV;: ValueSqhrings, where the supply of G& abundant in the
of pH because of (1) acidic precipitation, (2) short reSI'open system and dissolution of shell material can pro-

dence times as interpreted from the young apparent e yntil equilibrium or even supersaturated states are
CFC ages, (3) lack of neutralizing capacity of the achieved

quartz-rich sediments, and (4) presence of dissolved Analysis of specific conductance values mea-

carbon dioxide (C@) gas. , sured at well 58F100 (B3) and spring 58FS1 (2-1)

_ The pH of water increases with decr_eaﬂ?q,q)z appears to contradict the concept of increasing concen-
(partial pressure of C£pin the shallow aquifer system yyation of dissolved constituents in ground water along
(fig. 18). The CQgas reacts with the water molecule t0  fioyy path as the residence time increases. When the
form carbonic acid (HCOs), which dissolves shell _position of well 58F100 (B3) within the local flow sys-
material in the shallow aquifer system (especially sediter is considered, however, the sample is consistent
ments of the Cornwallis Cave aqun_‘er). Dissolution  \ith this concept; only when compared to the entire
reactions tend to consume®Ds, which causes the pH a4 set does it appear to be contradictory. The time of
to rise. The upper or shallow parts of the recharge angaye| can be as important as the length of the flow
discharge area settings on the Station are open SySterg§th. The low value of specific conductance and high
where the pH values are low and figo, values are 1 ot spring 58FS1 (2-1) illustrate the importance of
high (fig. 18). Parts of the recharge area setting belOWunderstanding the effect of geochemical processes on
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Figure 17. Relation between apparent chlorofluorocarbon age and pH (A), specific conductance (B), dissolved oxygen (C),
and water temperature (D) of ground water in March 1997 at the Naval Weapons Station Yorktown, Virginia. Uncertainties in
apparent chlorofluorocarbon age range from 0.4 to 4.1 years.
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Table 6. Range and median values for water-quality field properties of ground water
on the Naval Weapons Station Yorktown, Virginia, March 1997.

[Median values in parenthesis if sufficient number of sites available to calculate; °C, degrees Celsius;
mg/L, milligrams per liter; uS/cm, microsiemens per centimeter at 25 degrees Celsius]

Sample Number Water Dissolved pH Specific
Iocati% n of sites temperature oxygen (Standard  conductance
(°C) (mg/L) units) (uS/cm)
Columbia aquifer 6 10.2-16.0 0.3-2.8 4.8-6.9 40-378
(13.6) (1.0) (5.3) (54)
Cornwallis Cave 3 11.1-14.3 2.2-75 6.5-7.0 343-525
confining unit
Cornwallis Cave aquifer 16 10.8-17.9 0.0-9.3 6.4-7.7 208-960
(15.0) (2.9) (6.9) (516)
Yorktown-Eastover 5 15.3-15.9 .0-7.2 6.2-7.2 249-495
aquifer (.0) (7.2) (408)
Wells 14 13.8-16.3 .0-7.2 4.8-7.6 40-960
(15.5) (.1) (7.0) (422)
Springs 16 10.2-17.9 .6-9.3 5.3-7.7 54-730
(13.3) (2.9) (6.9) (486)
Recharge area setting 8 13.8-16.3 .0-2.7 48-76 40-498
(.1) (7.1) (399)
Discharge area setting 22 10.2-17.9 .0-9.3 5.3-7.7 54-960
(14.8) (2.9) (6.9) 477)
Shallow aquifer system 30 10.2-17.9 .0-9.3 4.8-7.7 40-960
(14.9) (2.3) (6.9) (438)

the concentration of dissolved constituents. Knowledgdrom the Cornwallis Cave aquifer (fig. 18). These val-
of the ground-water-flow system and the geochemicalues forPCO and pH, when combined with the low
processes is critical in interpreting trends in hydrologicvalue for speC|f|c conductance (208 puS/cm), indicates
and water-quality data, and in estimating apparent agehat outgassing of C{s occurring at this spring.
of ground water. Lorah and Herman (1990) suggest that outgassing of
The interaction of young waters that contain an CO, causes a rapid rise in pH, and ground water
abundant supply of CQwith the shell material in the  becomes supersaturated with respect to calcite. The
Cornwallis Cave aquifer probably contributes to the abundance of travertine deposits along the seepage face
formation of (1) travertine and tufa deposits and (2) adjacent to spring 58FS1 (2-1) and the low specific
subsidence sinkholes or collapse features on the Sta-conductance indicate that initial precipitation of calcite
tion. Burmester (1987) and Burkhart and Autrey (1993)occurs prior to discharge at the spring. Excavation dur-
discuss the occurrence and hydrochemistry of traver- ing sampling indicated that the travertine deposits
tine deposits in the Coastal Plain of Virginia. These extended at least 3 to 5 ft into the seepage face. Traver-
deposits occur at springs and seeps where ground wateéne deposits form small waterfalls (generally less than
contains high concentrations of calcium carbonate 2 ft high) along streams on the Station. The turbulent
from the dissolution of shell material in the Moore flow of streams over these falls causes increased CO
House member of the Yorktown Formation (Hubbard outgassing, which in turn causes additional precipit-
and Herman, 1990; Herman and Hubbard, 1990). Thisation of calcite (Lorah and Herman, 1990).
geologic formation is the unit that comprises the Corn- Formation of subsidence sinkholes or collapse
wallis Cave aquifer. Travertine deposits occur where features on the Station, especially in the discharge area
ground water discharges from the Cornwallis Cave  setting, is initiated by the dissolution of shell material
aquifer on the Station, especially in the upper parts ofin the Cornwallis Cave aquifer from the circulation of
the aquifer. Abundant travertine deposits occur at young ground water through these sediments. The pres-
spring 58FS1 (2-1), which had the Iow@q;vto (0.002  ence of the travertine and tufa deposits indicates that
atm) and highest pH (7.7) values of the water sampleghese dissolution reactions are occurring in the shallow
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Figure 18. Relation between partial pressure of carbon dioxide and pH in ground water
at the Naval Weapons Station Yorktown, Virginia, March 1997.

aquifer system on the Station. Chemical removal of thegen concentrations, however, occur in the springs. The
shell material can create void spaces within the aquifedissolved oxygen saturation concentration of precipit-
The potential for preferential flow along these void  ation at the Station is approximately 10 mg/L at the
spaces can facilitate additional erosion of aquifer matenean annual air temperature of 14.6°C. As ground

rial. As more material is removed, the weight of the  water moves through the flow system, biochemical and
overlying material causes the collapse feature to formchemical reactions involving organic material and oxi-

dizable minerals deplete dissolved oxygen in ground

Dissolved Oxygen water (Hem, 1985). The high dissolved oxygen concen-
trations in the springs sampled during this investigation

The upper parts of .the shallow aquifer system at(table 6), especially in the Cornwallis Cave confining
the Station tend to be oxic environments. One would unit. indicate:

expect dissolved oxygen concentrations in the Colum- 1. Ground water discharging at springs has fol-

bia aquifer in the recharge area setting to be high in lowed a sh local i h h
response to shallow depths to the water table and rela- oweda s ort or local flow path over a short
time period (less than 15 years).

tively young apparent ages. The highest dissolved oxy-

40 Apparent Chlorofluorocarbon Age of Ground Water of the Shallow Aquifer System, Naval Weapons Station Yorktown, Yorktown, Virginia



2. The point of recharge may be between the compared to the apparent ages derived from environ-
recharge and discharge area settings. mental tracers such as CFCs. Solomon and others
3. Preferential flow along voids associated with (1992) and Reilly and others (1994) noted that the ver-
changes in the aquifer matrix by chemical tical velocity of ground water at the water table is a
and/or physical processes or fracturing associtunction of the recharge rate and the porosity and given
ated with slope instability reduces the time of as
travel and the surface area for biochemical
and chemical reactions to occur.
Dissolved oxygen concentrations in the deeper v=R (2)
aquifers beneath the recharge area settings generally 4
are low. The occurrence of iron bacteria and the precipvherev s vertical velocityR is recharge rate, ariilis
itation of iron in seeps along the base of the aquifers iPOrosity. The time of travel for vertical movement from
the discharge areas are consistent with low dissolved the water table to a point at a given depth is a function
oxygen concentrations in ground water. Dissolved oxy©f the depth and the vertical velocity as
gen concentrations are depleted by up to an order of d d/B
magnitude between the Columbia and Cornwallis Cave t= v R (3)
aquifers in the recharge area settings. Results of CFC-
based dating are consistent with geochemical evolutiogyheret is time of travel and is depth.
of water in which dissolved oxygen is consumed within Richardson (1994) estimated that the average
a period of about 15 years. ground-water discharge from geohydrologic units in
the Coastal Plain of Virginia ranged from 0.66 to

APPLICATION OF APPARENT CEC AGES 0.9_3 ft/yr, and ave_raged 0.82 ft/yr (9.8 in/yr) for the
entire Coastal Plain. Assuming that the average

TO GEOHYDROLOGY OF THE STATION ground-water discharge equals the average ground-

The apparent CFC ages determined for the wellgvater recharge, over the span of a year, recharge in the
and springs sampled during this investigation can be Vicinity of the Station is estimated to be about 0.82 ft/
used to constrain the wide range of hydraulic parame-Y'- The range of porosity (0.25 to 0.45) was estimated
ters that are assumed to be valid for the shallow aquifdfOm methods that use median grain si2epf and spe-
system at the Station. Advective transport rates are freific yield derived from grain-size analyses of core
quently estimated from these hydraulic parameters ~ Samples (Johnson, 1967). The calculated ranges in time
through calculations of time of travel of ground water. Of travel, based on these parameter estimates, are given
The apparent CFC ages also can be used to estimatein table 7. The apparent CFC ages are slightly older

ground-water recharge rates to the shallow aquifer sydhan the ranges in t.ime of_travel calculated for the six
tem. shallow wells examined (fig. 19). Three of the wells

(58F106 (E4), 58F116 (H4), and 58F121 (14)) are

screened in the Columbia aquifer, and three (58F99
Comparison of Apparent CFC Ages to (B3), 58F110 (G3), and 58G57 (N3)) are screened in
Calculated Ranges in Time of Travel unconfined parts of the Cornwallis Cave aquifer, where

the overlying Columbia aquifer is missing. The slightly

The extent of the Columbia aquifer is contiguousolder apparent CFC ages may indicate that the average

to the extent of the recharge area setting at the Statiorannual ground-water recharge at the Station is less than
with the dominant direction of ground-water flow the 0.82 ft/yr estimated by Richardson (1994).
being downward through intervening confining units, The process by which dissolved substances are
recharging the underlying Cornwallis Cave and York- transported by the bulk motion of ground-water flow is
town-Eastover aquifers (Brockman and others, 1997).referred to as advection. Because of advection, conser-
The time required for ground water to move downwardvative environmental tracers (like CFCs) that are dis-
from the water table to a given depth in the aquifer is solved in ground water are transported at the rate of the
calculated from hydraulic parameters for the shallow average linear velocity of the water (Freeze and Cherry,
aquifer system. These calculated travel times may be 1979). To calculate average linear velocity requires
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Table 7. Calculated range of travel time for six shallow wells based on estimated
recharge rate and ranges of porosity and the apparent chlorofluorocarbon age at
the Naval Weapons Station Yorktown, Virginia

[Recharge rate is 0.825 feet/year; CFC, chlorofluorocarbon]

Depth below Range of Range of

Well Depth to water table orogsi " estimated  Apparent
Well number depth water table  of center of ?dimen)i time of CFC age

(feet) (feet) well screen : travel (years)

sionless)
(feet) (years)

58F106 (E4) 24 7.7 13.3 0.25-0.45 4.0-7.3 10+2.0
58F116 (H4) 24 12.9 7.9 .25-.45 2.4-4.3 6+3.2
58F121 (14) 22 2.3 16.7 .25-.45 5.1-9.1 12+1.7
58F99 (B3) 37 29.3 45 .25-.45 1.4-2.5 6+1.6
58F110 (G3) 42 30.7 8.3 .25-.45 2.5-45 9+1.1
58G57 (N3) 57 37.0 16.8 .25-.45 5.1-9.2 121+

1 CFC analyses indicate that water represents a possible mixture of different age waters. The apparent CFC age presented
is the oldest possible age of the young fraction.

knowledge of the effective porosity of an aquifer. assumed porosity ranges, and horizontal hydraulic con-
Lohman (1972) noted ductivity values from slug tests, ground-water-flow
rates range from a low of 0.3 ft/yr to a high of 350 ft/yr.
_Kﬂ\ The calculated ranges in time of travel, based on these
V= _dl estimated parameters, are given in table 8.
6 (4) Spatial and seasonal differences in water levels
whereV is average linear velociti is horizontal will cause changes in head and, thus, velocity and

direction of flow. Seasonal changes in water levels gen-
erally will be small because velocities are generally
low. Spatial differences in water levels, however, can be
substantial. Because the rate of ground-water flow is
controlled by hydraulic conductivity, hydraulic grad-
ient, and effective porosity, variations in these para-
meters will result in changes in the average linear velo-

hydraulic conductivitydh/dlis hydraulic gradient, and
0 is effective porosity.

Average linear velocity may range from less than
to more than the actual velocity between two points in
the aquifer (Lohman, 1972). The time of travel for hor-
izontal movement from the water table to a point a
given distance downgradient is a function of the dis-

tance traveled and the average linear velocity city. ,
The apparent CFC ages of water from the springs

on the Station range from 1 to 14 years. Of the 11

t = | springs examined (fig. 20), the apparent CFC ages of 7
v (5)  springs lie within the range of calculated times of
wheret is time of travel antlis length of flow. travel, 3 springs have apparent CFC ages slightly below

Time of travel was calculated for hydrologic (less than 6 years) the minimum calculated times of
basins contributing to springs sampled on the Station.travel, and 1 spring (57FS1 (18-1)) has an apparent
The basins were delineated from the water-level mapsCFC age well below (66 years) the minimum calcu-
presented in Brockman and others (1997), and travel lated time of travel. These relatively young apparent
distances were assumed to be the maximum distanceages indicate that shallow ground water recharged at
between the springs and the edge of their contributingthe water table in these small hydrologic basins moves
basins. For velocity calculations in the hydrologic quickly to the spring discharges. These results have
basins, the hydraulic gradient was estimated from important implications with respect to estimates of
water-level maps (Brockman and others, 1997), and thground-water flow and the transport of conservative
effective porosity was assumed to range from 0.25 to contaminants that are based upon reasonable ranges of
0.45. Based on the estimated hydraulic gradients, geotechnical and hydraulic parameters. As evidenced
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Figure 19. Relation of apparent chlorofluorocarbon age and range of calculated time of travel
for ground water from six shallow wells at the Naval Weapons Station Yorktown, Virginia,
March 1997. Horizontal error bars represent uncertainty in apparent chlorofluorocarbon

ages and vertical error bars represent uncertainty in range of calculated time of travel.

by the apparent CFC ages for spring discharges, calcus the median porosity (0.35), ahi the assigned
lated travel times can be up to two orders of magnitud@pparent CFC age. Recharge rates were not calculated
greater than the actual observed for a transient envirofer wells 58F99 (B2) and 58G57 (N3) because the CFC
mental tracer. analysis indicated that water samples from these wells
represent mixtures and the assumption of plug flow,
therefore, is not valid. The calculated recharge rates
Estimated Ground-Water-Recharge Rates range from 0.29 to 0.89 ft/yr with a median value of
Based on Apparent CFC Age 0.54 ft/yr; this value is lower than the recharge rate
. _ estimated by Richardson (1994) of 0.82 ft/yr, which
_ Ground-water dating techniques can be used 10 rgpresents the integration of multiple recharge rates
estimate ground-water recharge rates. For instance, yer g large drainage area as measured by a single
Robertson and Cherry (1989) used the depth oftthe streamflow-gaging station. The use of a uniform poros-
bomb peak to approximate the ground-water rechargejry, (0.35) in the estimation of recharge rates based on
rate in a shallow unconfined sand aquifer. This methogy,¢ apparent CFC ages can be a major source of differ-
assumes uniform downward flow through the aquifer, ence in estimated recharge rates. Another possible
which is analogous to a plug flow model. Because o rce of uncertainty in the calculation of recharge
apparent CFC ages represent a continuum of time sinGg;es is the apparent CFC ages. The uncertainty in
the mid-1940s, they can provide a better approximatiorpecharge rates associated with the apparent CFC age
of recharge rates in more diverse geohydrologic envi- ncertainties is less than +0.20 ftlyr for all of the wells

ronments than théd bomb peak. Ground-water but one. The uncertainty in the estimated recharge rate
r_echarge ra_tes for the shallow ngfer system at the Stgs; well 58F116 (H4), with an apparent CFC age uncer-
tion are estimated by rearranging equation 3 as tainty of 3.2 yrs, is +0.57 ft/yr. Discrepancies in esti-
mates of recharge rates derived from different methods,
_ d/mp (6) therefore, are to be expected.
R = == ,
t The relatively flat landscape of the recharge area

whered is depth to the center of the screened intebval, setting in the Lackey Plain and Croaker flat at the Sta-

Application of Apparent CFC Ages to Geohydrology of the Station 43



Table 8. Calculated range of travel time to 11 springs based on estimated
hydraulic gradient, maximum basin length, ranges of horizontal hydraulic
conductivities and porosities, and the apparent chlorofluorocarbon age at
the Naval Weapons Station Yorktown, Virginia

[Porosity ranges from 0.25 to 0.45; CFC, chlorofluorocarbon]

Estimated MaX|mu_m Ra_nge of ange of Apparent
. . hydrologic horizontal estimated
Spring hydraulic . . . CFC
. basin hydraulic time of
number gradient L age
(feet/feet) length conductivity travel (years)
(feet) (feet/day) (years) Y
57FS1 (18-1) 0.014 1,400 0.03-0.9 76-4,100 10£0.4
58FS1 (2-1) .027 1,110 .3-9 3.1-170 6+.8
58FS2 (5-1) .054 460 .03-.9 6.5-350 9+.5
58FS3 (6-1) .016 830 .3-9 3.9-210 10+.9
58FS4 (12-1) .016 1750 .39 8.3-450 4+1.0
58FS7 (16-2) .045 590 .03-.9 10-540 9+1.4
58FS8(19-1) .003 390 .4-8 11-400 12+.6
58FS9 (19-3) .007 770 .4-8 9.4-340 15+1.3
58FS12 (20-8) .008 660 .3-9 6.3-340 3+4
58GS1 (A-2) .006 1,270 .3-9 16-870 10+1.3
58GS2 (8-1) .019 1,040 .4-8 4.7-170 7+2.1

tion is more conducive to ground-water recharge than iRevised Conceptual Model of Ground-
the highly dissected landscape with steep valleys of thgyater Flow
discharge area setting, where overland and subsurface
runoff (interflow) are increased. The cross-sectional The analysis of apparent CFC ages confirms the
area of the different geohydrologic units decreases asvalidity of the conceptual model of ground-water flow
the distance from the ground-water divides increases, in the shallow aquifer system of the Station proposed
which further reduces the available volume of the aquiby Brockman and others (1997). The revised concep-
fer where recharge can occur. tual model of ground-water flow presented in figure 22
The relation between recharge rates and seasonatids the dimension of time. The age of ground water
water-level fluctuations also varies depending on geo-increases downward and outward as the distance from
hydrologic setting (fig. 21). Recharge causes greater the ground-water divides increases. Young ground
seasonal water-level fluctuations for sites in the water (less than 50 years) is present in the upper parts
recharge area setting than those for sites in the dis- of the Yorktown-Eastover aquifer in the recharge area
charge area setting. For example, wells 58F121 (14) setting. The vertical distribution of apparent CFC ages
and 58G52 (F3) have similar recharge rates (0.51 andindicates that ground-water movement between aqui-
0.57 ftlyr, respectively), but the seasonal water-level fers is somewhat retarded by the confining units, but
fluctuation in well 58F121 (14) is nearly 6.5 times the elapsed time is relatively short (generally less than
larger than the fluctuation in well 58G52 (F3). The 35 years), as evidenced by the presence of CFCs at
relation between the amount of recharge and the magdepth. Convergence of flow lines from local and sub-
nitude of seasonal fluctuation is not only a result of ~ regional flow systems occurs in the discharge areas,
geohydrologic setting but also of factors such as the and the binary mixtures identified by CFC-based dating

heterogeneity and anisotropy{K,) of the aquifer indicate that flow lines converge not only at the actual
sediments, distance from the discharge outlet, and langoint of discharge, but also in the subsurface (for exam-
use. ple, well 58G57 (N3)). The analysis obMr recharge

temperatures indicates that discharge from springs dur-
ing the seasonal high of the water levels in the shallow

aquifer system has followed a short and probably shal-

low flow path. The assumption of piston or plug flow
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Figure 20. Relation of apparent chlorofluorocarbon age and calculated time of travel for ground water from
11 springs at the Naval Weapons Station Yorktown, Virginia, March 1997. Errors in apparent
chlorofluorocarbon age range from 0.4 to 4.1 years.

seems valid for the springs, at least for that time of theAdditionally, these findings also have implications for
year that the springs were sampled. The fact that binargther areas within the Coastal Plain of Virginia. McFar-
mixtures were not identified by CFC-based dating sugtand (1997) reported similar ranges of apparent CFC
gests that the springs sampled during this study repreages in a highly dissected area of the upper Coastal
sent flow from a local system. Plain along the James River. Similar age distributions
in the shallow aquifers of both the upper and lower
Coastal Plain indicate that the shallow ground-water-
STUDY IMPLICATIONS FOR flow system in a particular area is directly related to the
REMEDIATION ACTIVITIES landscape or geomorphic setting of that area and con-
tributes to the development of the present-day land-
scape.
The occurrence of subsidence sinkholes and

other collapse features on the Station is related to inter-

ction of young ground water with shell material in the

ornwallis Cave aquifer. The relation between appar-

The findings of this study support the geohydro-
logic framework and the conceptualization of the shal-
low aquifer system at the Station developed by
Brockman and others (1997). The determination and
evaluation of the apparent age of ground water add th

dimension of time to the three-dimensional frameworkent aqe and field water-auality properties indicates that
of Brockman and others (1997). The findings from this . g€ quaity prop :
dissolution of the shell material in the Cornwallis Cave

study can be applied to ongoing remediation and engi-

neering activities at the Station and the adjacent area.aquﬁer Is relatively rapid a_nd ongoing. Therefore,.ren-
ovation and new construction projects on the Station

Study Implications for Remediation Activities 45
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Figure 21. Relation between estimated recharge rate based on apparent
chlorofluorocarbon age in March 1997 and annual water-level fluctuations at the Naval
Weapons Station Yorktown, Virginia. Porosity for all wells is assumed to be 35 percent.
Distance from ground-water divides increases to the right between clusters. Wells
within a cluster are plotted from shallow to deep.

and the nearby adjacent area may require geotechnicaélansport and fate of contaminants in the local and sub-
investigation to assess the potential effects of subsid- regional flow systems may be completely different; and
ence in these areas. Numerous slope stabilization stru@®) flow in the upper parts of the shallow aquifer sys-
tures have been constructed on the Station. Future tem can be rapid and extremely sensitive to seasonal
structures in areas underlain by the Cornwallis Cave and climatic effects, which could cause temporal varia-
aquifer could be designed to eliminate or minimize thetions in the distribution of contaminants at the Station.
effects of ground-water sapping. In both of the cases Organic compounds, like trichloroethylene
described above, the maps constructed by Brockman (TCE), have been detected in the subsurface at the Sta-
and others (1997) can be used as a guide for planningion (Baker Environmental, Inc., and Roy F. Weston,
future engineering activities at the Station. Inc., 1993) and the transport and fate of these com-
Analysis of apparent CFC ages will benefit pounds are a major concern of the Station. The rate-
remediation strategies and activities at the Station. Thémiting factor in the reductive dehalogenation of TCE
apparent ages determined from this study can be useds the accumulation of vinyl chloride. Reductive deha-
to estimate rates of advective transport. The analysis logenation of TCE occurs in anaerobic environments,
also indicates that (1) these rates of transport vary ~ whereas conversion of vinyl chloride to gf@quires
depending upon geohydrologic setting and position  the addition of oxygen (Chapelle, 1993). If a sufficient
within the ground-water-flow system; (2) the rate of microbial community is present, it is feasible that TCE
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Figure 22. Revised conceptual model of ground-water flow at the Naval Weapons
Station Yorktown, based on apparent chlorofluorocarbon ages of ground water in

March 1997.
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will degrade along a long, deep flow path within either Two environmental tracers—CFCs attdl—

a local or subregional flow system. Concentrations of were used to determine the apparent age of ground
dissolved oxygen decrease with increasing depth andwater of the shallow aquifer system on the Station.
apparent age of the ground water. Mixing of young  CFC-based dating was the primary method for dating
ground water containing abundant oxygen from the - ground water in this study, and the concentratioffsiof
upper parts of the shallow aquifer system with old iy ground water were used to confirm the apparent CFC
water could provide the mechanism for the conversionage determinations. Recharge temperatures, estimated
of Vinyl chloride to CQ. The identification during this from dissolved nitrogen (i\)] and argon (Ar) concentra-
study of mixed waters at some distance away from thejons in ground water, range from 5.9°C to 17.3°C with
point of discharge may indicate that sufficienttime 3 median temperature of 10.9°C. Concentrations of
would be available for this conversion to occur. The  excess air vary depending upon geohydrologic setting
scenario described above is dependent upon the locayrecharge and discharge areas). Water samples from
tion of a contaminated site in the shallow aquifer sys- springs and wells located in the discharge area setting
tem at the Station. Potential remediation activities on naye low values of excess air, whereas wells located in

the Station can be evaluated in th_e light of poten_tial the recharge area setting have high values 5H@
rates of advective transport at various locations in the | 5| a5 range from -7.2 to -5.5%. addl values range

ground-water-flow system as determined by the appargom -41.2 to -29.7%.. Deuterium excesh fanges

ent CFC ages. o _ from 13.3 to 16.8%. with a median value of 14.8%. for
The apparent age determinations and estimated e station. Precipitation generally is highest in the

ground-water recharge rates can be used as calibratiof}, \mer months yet the;Mr recharge temperatures

criteria in simulations of ground-water flow on the Sta-_ 4 stable isotope data indicate that ground-water

tion to refine and constrain future ground-wétew recharge predominantly occurs in the cold months of
models of the shallow aquifer system. Apparent CFC the year

t;]\ggs |IIIl.Jstrate that seemingly \1a!|d asbsump'qolns of . Apparent CFC ages range from 1 to 48 years
ydraulic parameters can result in substantial overestiy .t -~ median age of 10 years. The oldest apparent

me_ltes for time pf tfa".e' calculation_s. Realistic s.im_u- ages occur in the upper parts of the Yorktown-Eastover
lation rgsults will aid in the evaluation of remedllatlon aquifer, whereas the youngest apparent ages occur in
alternatives such as pump-and-treat technologles. SoI-Samples from the Columbia aquifer and the upper parts
ute transport modeling, ba_sed on these flow simu- of the discharge area setting, especially springs. The
lations, can be_ used to estimate the transport and fate 9£rtical distribution of apparent CFC ages indicates
contaminants in the ground water. that ground-water movement between aquifers is some-
what retarded by the leaky confining units, but the
SUMMARY elapsed time is relatively short (generally less than 35
years), as evidenced by the presence of CFCs at depth.
The USGS, in cooperation with the Naval Weap-The assumption of plug or piston flow applies in the
ons Station Yorktown, Base Civil Engineer, Environ- recharge area setting on the Station, but only applies to
mental Directorate, has been investigating the shallowparts of the shallow aquifer system in the discharge
aquifer system on the 10,624-acre installation in York-area setting, where binary mixtures of young and old
town, Va., since 1995. This report presents the data angaters were identified. Convergence of flow lines
findings of a 1-year study using multi-tracer methods tooccurs not only at the actual point of discharge, but also
estimate apparent chlorofluorocarbon (CFC) ages of occurs in the subsurface as evidenced by CFC-based
ground water. The report (1) defines the apparent CFGlating.
age of ground water in the shallow aquifer system, (2) The concentration oH in ground water ranges
compares apparent CFC ages with water-quality field from below the USGS laboratory minimum reporting
properties and calculated times of travel, and (3) pre- limit of 0.3 to 15.9 TU with a median value of 10.8 TU.
sents estimates of ground-water recharge rates. CFCsfhe CFC-based recharge dates are consistent with
tritium (3H), dissolved gases, stable isotopes, and expectecPH concentrations. Tritium concentrations in
water-quality field properties were measured in sam- samples from wells finished in the upper parts of the
ples from 14 wells and 16 springs in March 1997. Yorktown-Eastover aquifer are indicative of ground
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water recharged prior to atmospheric testing of thermaand adjacent areas. The apparent CFC ages can be used

nuclear weapons. Spring samples have Biijaoncen-
trations as a result of high initi# levels after the
“bomb peak” in 1963 and the short time that has
elapsed since the water was recharged.

Water-quality field properties for ground water
with apparent CFC ages less than 15 years are highly

to estimate rates of advective transport, refine and con-
strain future ground-water-flow models of the shallow
aquifer system, and aid in the evaluation of remediation
alternatives such as pump-and-treat technologies.

variable because of geochemical processes within local

flow systems. Ground water with apparent CFC ages
greater than 15 years represents subregional flow sys
tems where field properties tend to be stable. Ground
water in the Columbia aquifer is acidic and dilute,
whereas ground water in the remaining geohydrologic
units is slightly acidic to alkaline with high values of

specific conductance in response to dissolution of shell

material. The formation of travertine and tufa deposits
along streams on the Station and the development of
subsidence sinkholes and collapse features are prob-
ably related to the circulation and interaction of young
water with the shell material in the Cornwallis Cave
aquifer. The upper parts of the shallow aquifer system
at the Station tend to be oxic environments, whereas

deeper parts generally are anoxic. High concentrations

of dissolved oxygen in springs are related to flow of

young ground water along short or local flow paths.
The apparent CFC ages are slightly older than

the range in time of travel calculated for shallow wells

sampled during this study, which may indicate that the

average annual ground-water recharge at the Station i

S

less than the 0.82 ft/yr estimated by Richardson (1994).

Calculated travel times to springs can be up to two

orders of magnitude greater than the determined appar-

ent CFC ages. Reasonable assumptions of values for
hydraulic parameters can result in substantial overesti
mates for time of travel for springs. The relatively

young apparent ages (less than 15 years) indicate that

shallow ground water recharged at the water table in
small hydrologic basins moves quickly to the spring

discharges. CFC-based recharge rates range from 0.29

to 0.89 ft/yr with an average value of 0.54 ft/yr.

Recharge causes greater seasonal water-level fluctua-

tions for sites in the recharge area setting than for site
located in the discharge area setting.

S

The analysis of apparent CFC ages confirms the

validity of the conceptual model of ground-water flow
in the shallow aquifer system underlying the Station

proposed by Brockman and others (1997). The revised

conceptual model of ground-water flow adds the
dimension of time. The findings from this study can be

applied to ongoing remediation activities at the Station

Summary 49
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